Introduction
============

Rice is one of the major food crops in the world. In China, rice accounts for one-third of the total planting area and is a staple food for more than 60% of the population ([@ref-7]). China is also the largest consumer of chemical nitrogen (N) fertilizer worldwide and is responsible for 37% of the global N fertilizer consumption ([@ref-23]). However, the current N utilization efficiency (NUE) of rice is only 20--30% ([@ref-22]). The low NUE is due to excessive and improper N use and triggers several environmental problems, including water eutrophication, soil acidification and ammonia volatilization ([@ref-11]; [@ref-27]; [@ref-23]).

To increase the economic benefits for the farmers and reduce the environmental pollution, many N saving application patterns have been developed. Integrating the chemical N fertilizer with the organic N fertilizer has been suggested as one of the most effective methods to stabilize rice production, while decreasing the N input ([@ref-35]; [@ref-18]; [@ref-25]). Many previous studies showed that the combined use of chemical N fertilizer with organic N fertilizer increased the NUE and the rice grain yield and improved the soil fertility ([@ref-36]; [@ref-17]; [@ref-16]; [@ref-39]). Recently, organic--inorganic compound fertilizer (OICF) was introduced as a new type of fertilizer in China ([@ref-44]). Compared with the conventional organic fertilizer, the OICF resulted in a higher fertilizer use efficiency, a lower labor cost, and less environmental pollution ([@ref-20]). However, there were very few studies on the fertilization strategy for this new fertilizer in rice production ([@ref-12]). Previous researches have studied the impact of a single application of OICF on the rice yield, NUE and soil fertility ([@ref-42]; [@ref-28]). However, a single use of the OICF was not enough to meet the nutritious requirement of the rice plants in different growth stages because of the slow N mineralization from organic materials ([@ref-35]; [@ref-10]). The combined use of OICF and conventional chemical N fertilizer could enhance the availability of soil nutrients, the physical condition of the soil, and improve the microbial community diversity and enzyme activity of the soil ([@ref-15]; [@ref-43]), thereby promoting the N absorption and utilization as well as the grain yield ([@ref-1]; [@ref-43]; [@ref-13]). However, there is only limited information available on the proportions of OICF and conventional chemical N fertilizer to be used. [@ref-43] reported the impact of using an OICF with a chemical N fertilizer on the rice yield. They showed that using 70% OICF as the basal fertilizer with 30% chemical N fertilizer as panicle fertilizer increased the rice yield compared with using chemical fertilizer alone. [@ref-12] reported that using 55% OICF as basal fertilizer with 45% chemical N fertilizer as the panicle fertilizer increased the rice yield by 2.3% and the gross return by 2.3% compared with using 100% chemical N fertilizer.

Similar to organic fertilizers, slow-release fertilizers are designed to release the fertilizer into the soil at a rate that meets the nutritious requirement of the rice plants compared with conventional chemical fertilizers ([@ref-31], [@ref-32]; [@ref-45]). Therefore, it could save chemical fertilizer and enhance nutrient utilization efficiency. However, slow-release fertilizers are generally too expensive to use in crop production in comparison with conventional chemical fertilizers ([@ref-20]). The combined use of a slow-release fertilizer with a conventional fertilizer improved the NUE and the rice grain yield while decreasing the cost and the labor required ([@ref-40]; [@ref-45]).

Although many previous studies have reported an increase of the grain yield, the NUE and the economic benefits of rice individually under the combined application of a chemical N fertilizer and an OICF or a slow-release fertilizer, the comprehensive assessment of the impact of these N management strategies on the crop productivity, the nutrient absorption and utilization efficiency, and the economic benefits of rice have not been realized. Therefore, this study aimed at assessing the performances of the different N fertilizer management strategies for rice production. The performance was assessed by analyzing the effects of the different N fertilizer management strategies on the grain yield, the total biomass, the harvest index, the total nutrient absorption, the grain nutrient absorption, the nutrient harvest index, the nutrient utilization efficiency, and the economic benefits. A secondary goal is to comprehensively evaluate the performance of the different N fertilizer management strategies based on the principal component analysis. Our study provides a useful basis for the management of N fertilizer by rice growers.

Materials and Methods
=====================

Experimental site
-----------------

A 2-year experiment was conducted in a paddy field under a rice-wheat rotation in Yangzhong, Zhenjiang, Jiangsu, China (32°12′ N, 119°85′ E) during the 2018 and 2019 rice growing seasons. The use of paddy field in which we conduct the experiment was authorized by Jiangsu Zijiang Ecological Agriculture Co., Ltd. The soil was classified as Hydragric Anthrosolos. The initial properties of the soil are presented in [Table 1](#table-1){ref-type="table"}.
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###### The initial properties of the soil in the study.
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  Soil properties        Values                     Method
  ---------------------- -------------------------- ----------------------------------------------------
  pH                     6.38                       Measured by a portable pH meter.
  Organic matter         22.80 g kg^−1^             Potassium dichromate volumetric method ([@ref-3]).
  Total nitrogen (N)     0.98 g kg^−1^              Kjeldahl digestion method ([@ref-19])
  Total phosphorus (P)   0.57 g kg^−1^              Molybdovanadate method ([@ref-26])
  Available N            143.1 mg kg^−1^            Diffusion method ([@ref-3])
  Available P            10.95 mg P~2~0~5~ kg^−1^   Olsen's method ([@ref-4])
  Available K            98.64 mg K~2~O kg^−1^      Flame photometry ([@ref-30])

Experimental design
-------------------

The experiments were performed in a completely randomized block with three replicates, and the area of experimental plot in each treatment was about 180 m^2^ (length × width = 20 m × 9 m). The different treatments were: a control without any chemical fertilizer (control), 100% conventional N fertilizer (conventional compound fertilizer and urea) (N~100~), 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer (N~75~+OICF~25~), 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer (N~50~+OICF~50~), 100% organic--inorganic compound fertilizer (OICF~100~), slow-release compound fertilizer with urea (SRCF+U), and compound fertilizer with sulfur-coated urea (CF+SCU). The description of the fertilizers application in this study is given in [Table 2](#table-2){ref-type="table"}.
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###### Description of fertilizer application in the study.
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  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Treatment        N\            P~2~O~5~\     K~2~O\        Basal fertilizer\                                                                                        Tiller fertilizer (kg ha^-1^)   Panicle fertilizer\
                   (kg ha^-1^)   (kg ha^-1^)   (kg ha^-1^)   (kg ha^-1^)                                                                                                                              (kg ha^-1^)
  ---------------- ------------- ------------- ------------- -------------------------------------------------------------------------------------------------------- ------------------------------- -------------------------------------------------------------------------------------------------
  Control          --            --            --            --                                                                                                       --                              --

  N~100~           273.75        101.3         101.3         375 conventional compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) + 150 urea (N = 46%)               150 urea (N = 46%)              300 conventional compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) + 75 urea (N = 46%)

  N~75~+OICF~25~   273.75        101.3         101.3         977.7 organic--inorganic compound fertilizer (N-P-K =7%-4%-4%) + 123.9 urea (N = 46%)                    150 urea (N = 46%)              414.3 conventional compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) + 37.5 (urea, N = 46%)

  N~50~+OICF~50~   273.75        101.3         101.3         1955.4 organic--inorganic compound fertilizer (N-P-K =7%-4%-4%)                                          124.7 (urea, N = 46%)           153.6 conventional compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) + 122.7 (urea, N = 46%)

  OICF~100~        273.75        156.4         156.4         3910.7 organic--inorganic compound fertilizer (N-P-K =7%-4%-4%)                                          --                              --

  SRCF+U           273.75        65.5          78.6          482 slow-release compound fertilizer (N-P-K = 26%-10%-12%)                                               150 (urea, N = 46%)             173 slow-release compound fertilizer (N-P~2~O~5~-K~2~O = 26%-10%-12%) + 75 (urea, N = 46%)

  CF+SCU           273.75        101.3         101.3         375 conventional compound fertilizer (N-P~2~O~5~-K~2~O =15%-15%-15%) +375 sulfur-coated urea (N = 37%)   --                              300 compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) + 93 sulfur-coated urea (N = 37%)
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The amount of N fertilizer was 273.75 kg ha^−1^ under each fertilized treatment. A total of 70% of the N fertilizer was used as basal-tillering fertilizer, and 30% was used as panicle fertilizer. The conventional N application scheme in rice production (N~100~) was followed: 375 kg ha^−1^ conventional compound fertilizer (N-P~2~O~5~-K~2~O = 15%-15%-15%) and 150 kg ha^−1^ urea (N = 46%) as basal fertilizer, 150 kg ha^−1^ urea as tillering fertilizer, 300 kg ha^−1^ conventional compound fertilizer and 75 kg ha^−1^ urea as panicle fertilizer. Generally, organic--organic compound fertilizers are used as basal fertilizer in rice production ([@ref-12]; [@ref-43]). Thus, the organic--inorganic compound fertilizer (N-P~2~O~5~-K~2~O = 7%-4%-4%, organic matter ≥ 20%, moisture content ≤ 12%) replaced the chemical fertilizer during the basal fertilization period. Both the slow-release compound fertilizer (N-P~2~O~5~-K~2~O = 26%-10%-12%, the initial release rate of nutrient ≤15%, the 28-day cumulative release rate of nutrient ≤80%, the stated release time of 90--120 d) and the sulfur-coated urea (N = 37%, the initial release rate of nutrient ≤25%, the 28-day cumulative release rate of nutrient ≤80%, the stated release time of 60--90 d) replaced the chemical fertilizer during the basal stage and the panicle stage. The slow-release compound fertilizer was used to replace the conventional compound fertilizer, and the sulfur-coated urea was used to replace urea. The rates of phosphorus (P) and potassium (K) fertilizer were 156.4 and 156.4 kg ha^−1^ for OICF~100~, and 65.5 and 78.6 kg ha^−1^ for SRCF+U, respectively. The rates of P and K fertilizer for the other fertilized treatments were 101.3 and 101.3 kg ha^−1^, respectively. Since the N, P, and K in the OICF is fixed, the rates of P and K fertilizer under OICF~100~ increase for the same N rate than in N~100~. The use of slow-release compound fertilizer in the SRCF+U treatment led to the reduction of the P and K use compared with the N~100~ treatment. The experimental cultivar was Nanjing 2,728, a medium-maturing medium japonica rice cultivar, currently used in the local production. A mechanical rice transplanter (YANMAR VPE 6, Japan) was used to transplant the rice seedlings into the plots with a density of 2 plants hill^−1^. The hill spacing was 30 cm × 14 cm. All other cultivation practices were conducted in line with the rice cultivation standards of high-yield rice.

Measurement and analysis
------------------------

At least ten hills of rice plants in each plot were sampled at maturity. The samples were first killed out at 105 °C for 30 min, then dried at 80 °C until a constant weight was reached to measure the dry matter weight. The parts of the plants were sieved with a 1-mm sieve after grinding through a grinder machine. The concentration of N, P and K were determined after wet digestion with H~2~SO~4~ and H~2~O~2~. The concentration of N was determined by the Kjeldahl digestion method ([@ref-19]), the concentration of P by the molybdovanadate method ([@ref-26]), and the concentration of K by the flame photometry ([@ref-30]). At maturity, 2 m^2^ of rice plants with three replicates (6 m^2^ of rice plants in total) were sampled in each plot to determine the actual grain yield. The grain yield was modified to a moisture content of 14% of the fresh weight.

Use efficiency of N, P and K
----------------------------

The N, P and K agronomic efficiency (*NAE*, *PAE* and *KAE*) and the apparent N, P and K recovery efficiency (A*NRE*, A*PRE* and A*KRE*) were calculated according to the following equations: $$\documentclass[12pt]{minimal}
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*Y* and *Y*~0~ are the rice yield for fertilized treatment and the control, respectively. *F*~N~, *F*~P~ and *F*~K~ are the total N, total P and total K used, respectively. *N* and *N*~0~ are the total N uptake of rice plants for fertilized treatment and the control, respectively. *P* and *P*~0~ are the total P uptake of rice plants for fertilized treatment and the control, respectively. *K* and *K*~0~ are the total K uptake of rice plants for fertilized treatment and the control, respectively.

Economic analysis
-----------------

The cost of cultivation (yuan ha^−1^, 1 USD = 7.09 yuan) was calculated by adding the costs for all the inputs (namely the seed, nursery tray, substrate, agricultural film, irrigation, labor, fertilizer and chemicals, mechanical operation, grain drying, etc.). The average grain price of rice in 2 years was 2.6 yuan kg^−1^. The gross return (GR), net return (NR) and benefit to cost ratio (B:C ratio) were calculated as followed:

GR (yuan ha^−1^) = Grain yield × grain price

NR (yuan ha^−1^) = GR − Cost

B:C ratio = NR/Cost

Statistical analysis
--------------------

All the statistical analyses were carried out in SPSS 20.0. The impacts of the year and the N management strategy on the grain yield, the total biomass, the harvest index, the nutrient absorption and utilization efficiency, the NR and the B:C ratio were analyzed using a mixed linear model at *p* \< 0.05. The year and the N management strategy were used as fixed factors, and replicate was used as a random factor. For each year, the effect of the different N management strategies on the grain yield, the total biomass, the harvest index, the nutrient uptake and utilization efficiency were tested using ANOVA. The differences between means were determined using the least significant difference test at *p* \< 0.05. A principal component analysis was applied to investigate the impacts of the different N management strategies on the yield formation, the nutrient uptake and utilization efficiency and the economic benefits.

Results
=======

Grain yield, total biomass and harvest index
--------------------------------------------

[Table 3](#table-3){ref-type="table"} shows that the effect of the year (Y) on the grain yield (GY) was not significant, whereas the Y had a significant influence on the total biomass (TB) and harvest index (HI) at the 0.05 level. The effect of the N management strategy (NMS) on the GY, TB and HI were significant ([Table 3](#table-3){ref-type="table"}). Generally, the GY of rice was significantly higher when using the fertilized treatments than for the control. The grain yield when using the SRCF+U treatment significantly increased by 6.6--8.7% compared with N~100~. The CF+SCU, N~75~+OICF~25~ and N~50~+OICF~50~ treatments produced comparable yields than N~100~ treatment, whereas the yield significantly decreased by 7.1--8.6% when using the OICF~100~ ([Figs. 1A](#fig-1){ref-type="fig"} and [1B](#fig-1){ref-type="fig"}). Similarly, the highest TB was obtained with the SRCF+U treatment, followed by the CF+SCU and the N~100~ treatments. The TB for N~75~+OICF~25~ slightly decreased compared with N~100~, whereas a significantly lower TB was obtained with the N~50~+OICF~50~ and OICF~100~ treatments ([Figs. 1C](#fig-1){ref-type="fig"} and [1D](#fig-1){ref-type="fig"}). The maximum HI was obtained with the N~50~+OICF~50~ and OICF~100~ treatments, which indicated that the biomass was more efficiently allocated to the grain because of OICF application. The minimum HI was obtained for the SRCF+U and CF+SCU treatments, which were the highest yield-producing treatments ([Figs. 1E](#fig-1){ref-type="fig"} and [1F](#fig-1){ref-type="fig"}). This indicated that the grain yield when using slow-release fertilizers (SRCF+U and CF+SCU) was more dependent on the TB than on the HI ([Table 4](#table-4){ref-type="table"}).
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###### Probability values of the effects of year (Y), nitrogen management strategy (NMS) and their interaction (Y × NMS) on the grain yield, total biomass, harvest index, nutrient uptake and utilization efficiency, net return and benefit to cost ratio.
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  ----------------------------------------------------------------------------
  Growth index                     Year (Y)   Nitrogen management\   Y × NMS
                                              strategies (NMS)       
  -------------------------------- ---------- ---------------------- ---------
  Grain yield                      0.59       \<0.001                0.98

  Total biomass                    \<0.001    \<0.001                0.98

  Harvest index                    0.003      \<0.001                0.93

  Grain nitrogen (N) uptake        \<0.001    \<0.001                0.11

  Total N uptake                   0.22       \<0.001                0.02

  Grain phosphorus (P) uptake      0.27       \<0.001                0.90

  Total P uptake                   0.13       \<0.001                0.08

  Grain potassium (K) uptake       0.56       \<0.001                0.99

  Total K uptake                   \<0.001    \<0.001                \<0.001

  N harvest index                  \<0.001    \<0.001                0.04

  P harvest index                  0.009      \<0.001                0.15

  K harvest index                  0.16       \<0.001                \<0.001

  N agronomic efficiency           0.54       \<0.001                0.98

  P agronomic efficiency           0.45       \<0.001                0.43

  K agronomic efficiency           0.45       \<0.001                0.43

  Apparent N recovery efficiency   \<0.001    \<0.001                0.26

  Apparent P recovery efficiency   0.001      \<0.001                0.008

  Apparent K recovery efficiency   \<0.001    \<0.001                \<0.001

  Net return                       0.48       \<0.001                0.84

  Benefit to cost ratio            0.49       \<0.001                0.90
  ----------------------------------------------------------------------------

![The grain yield (A and B), total biomass (C and D) and harvest index (E and F) of rice under the different nitrogen fertilizer managements during the 2018 and 2019 rice growing seasons.\
N~100~, 100% conventional nitrogen (N) fertilizer (conventional compound fertilizer and urea); N~75~+OICF~25~, 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer; N~50~+OICF~50~, 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer; OICF~100~, 100% organic--inorganic compound fertilizer; SRCF+U, slow-release compound fertilizer with urea; CF+SCU, compound fertilizer with sulfur-coated urea. Vertical bars indicate the standard deviation of mean (*n* = 3). Means within the same column followed by different letters are significantly different at the 0.05 level.](peerj-08-9596-g001){#fig-1}
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###### Pearson correlation coefficients among the characteristics that were measured in this study.
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  Index                                   GY                                       TB                                        HI                                       GN                                       TN                                       GP                                       TP                                       GK                                       TK                                        NHI                                       PHI                                      KHI     NAE                                      PAE                                      KAE                                      ANRE                                     APRE                                     AKRE
  --------------------------------------- ---------------------------------------- ----------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ----------------------------------------- ----------------------------------------- ---------------------------------------- ------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ---------------------------------------- ------
  Grain yield (GY)                        1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  Total biomass(TB)                       0.91[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  Harvest index (HI)                      −0.19                                    −0.56                                     1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Grain nitrogen uptake (GN)              0.95[\*\*](#table-4fn2){ref-type="fn"}   0.77[\*](#table-4fn1){ref-type="fn"}      0.05                                     1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  Total N uptake (TN)                     0.95[\*\*](#table-4fn2){ref-type="fn"}   0.96[\*\*](#table-4fn2){ref-type="fn"}    −0.42                                    0.88[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Grain phosphorus uptake (GP)            0.97[\*\*](#table-4fn2){ref-type="fn"}   0.83[\*](#table-4fn1){ref-type="fn"}      −0.04                                    0.97[\*\*](#table-4fn2){ref-type="fn"}   0.90[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Total P uptake (TP)                     0.97[\*\*](#table-4fn2){ref-type="fn"}   0.97[\*\*](#table-4fn2){ref-type="fn"}    −0.41                                    0.88[\*\*](#table-4fn2){ref-type="fn"}   0.98[\*\*](#table-4fn2){ref-type="fn"}   0.91[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                                                                                                                                                
  Grain potassium uptake (GK)             0.97[\*\*](#table-4fn2){ref-type="fn"}   0.87[\*\*](#table-4fn2){ref-type="fn"}    −0.15                                    0.96[\*\*](#table-4fn2){ref-type="fn"}   0.94[\*\*](#table-4fn2){ref-type="fn"}   0.97[\*\*](#table-4fn2){ref-type="fn"}   0.95[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                                                                                                       
  Total K uptake (TK)                     0.89[\*\*](#table-4fn2){ref-type="fn"}   0.99[\*\*](#table-4fn2){ref-type="fn"}    −0.61                                    0.75[\*](#table-4fn1){ref-type="fn"}     0.96[\*\*](#table-4fn2){ref-type="fn"}   0.80[\*](#table-4fn1){ref-type="fn"}     0.97[\*\*](#table-4fn2){ref-type="fn"}   0.87[\*](#table-4fn1){ref-type="fn"}     1.00                                                                                                                                                                                                                                                                                                                                              
  N harvest index (NHI)                   −0.68                                    -0.88[\*\*](#table-4fn2){ref-type="fn"}   0.80[\*](#table-4fn1){ref-type="fn"}     −0.51                                    -0.85[\*](#table-4fn1){ref-type="fn"}    −0.57                                    −0.81[\*](#table-4fn1){ref-type="fn"}    −0.66                                    −0.92[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                                                                                                    
  P harvest index (PHI)                   −0.45                                    −0.74                                     0.91[\*\*](#table-4fn2){ref-type="fn"}   −0.25                                    −0.64                                    −0.28                                    −0.64                                    −0.41                                    −0.78[\*](#table-4fn1){ref-type="fn"}     0.89[\*\*](#table-4fn2){ref-type="fn"}    1.00                                                                                                                                                                                                                                                          
  K harvest index (KHI)                   −0.10                                    −0.47                                     0.97[\*\*](#table-4fn2){ref-type="fn"}   0.12                                     −0.34                                    0.07                                     −0.31                                    −0.04                                    −0.51                                     0.76[\*](#table-4fn1){ref-type="fn"}      0.88[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                                                                 
  N agronomic efficiency (NAE)            1.00[\*\*](#table-4fn2){ref-type="fn"}   0.91[\*\*](#table-4fn2){ref-type="fn"}    −0.19                                    0.95[\*\*](#table-4fn2){ref-type="fn"}   0.95[\*\*](#table-4fn2){ref-type="fn"}   0.97[\*\*](#table-4fn2){ref-type="fn"}   0.97[\*\*](#table-4fn2){ref-type="fn"}   0.97[\*\*](#table-4fn2){ref-type="fn"}   0.89[\*\*](#table-4fn2){ref-type="fn"}    −0.68                                     −0.45                                    −0.10   1.00                                                                                                                                                                                                         
  P agronomic efficiency (PAE)            0.93[\*\*](#table-4fn2){ref-type="fn"}   0.95[\*\*](#table-4fn2){ref-type="fn"}    −0.43                                    0.82[\*](#table-4fn1){ref-type="fn"}     0.93[\*\*](#table-4fn2){ref-type="fn"}   0.85[\*](#table-4fn1){ref-type="fn"}     0.96[\*\*](#table-4fn2){ref-type="fn"}   0.88[\*\*](#table-4fn2){ref-type="fn"}   0.93[\*\*](#table-4fn2){ref-type="fn"}    −0.75                                     −0.66                                    −0.33   0.93[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                                                                
  K agronomic efficiency (KAE)            0.91[\*\*](#table-4fn2){ref-type="fn"}   0.96[\*\*](#table-4fn2){ref-type="fn"}    −0.49                                    0.81[\*](#table-4fn1){ref-type="fn"}     0.94[\*\*](#table-4fn2){ref-type="fn"}   0.83[\*](#table-4fn1){ref-type="fn"}     0.96[\*\*](#table-4fn2){ref-type="fn"}   0.87[\*](#table-4fn1){ref-type="fn"}     0.95[\*\*](#table-4fn2){ref-type="fn"}    −0.80[\*](#table-4fn1){ref-type="fn"}     −0.71                                    −0.40   0.91[\*\*](#table-4fn2){ref-type="fn"}   0.99[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                                                                       
  Apparent N recovery efficiency (ANRE)   0.95[\*\*](#table-4fn2){ref-type="fn"}   0.96[\*\*](#table-4fn2){ref-type="fn"}    −0.42                                    0.88[\*\*](#table-4fn2){ref-type="fn"}   1.00[\*\*](#table-4fn2){ref-type="fn"}   0.90[\*\*](#table-4fn2){ref-type="fn"}   0.98[\*\*](#table-4fn2){ref-type="fn"}   0.94[\*\*](#table-4fn2){ref-type="fn"}   0.96[\*\*](#table-4fn2){ref-type="fn"}    −0.85[\*](#table-4fn1){ref-type="fn"}     −0.64                                    −0.34   0.95[\*\*](#table-4fn2){ref-type="fn"}   0.93[\*\*](#table-4fn2){ref-type="fn"}   0.94[\*\*](#table-4fn2){ref-type="fn"}   1.00                                                                              
  Apparent P recovery efficiency (APRE)   0.85[\*](#table-4fn1){ref-type="fn"}     0.94[\*\*](#table-4fn2){ref-type="fn"}    −0.57                                    0.72                                     0.88[\*\*](#table-4fn2){ref-type="fn"}   0.75                                     0.92[\*\*](#table-4fn2){ref-type="fn"}   0.80[\*](#table-4fn1){ref-type="fn"}     0.93[\*\*](#table-4fn2){ref-type="fn"}    −0.79[\*](#table-4fn1){ref-type="fn"}     −0.76[\*](#table-4fn1){ref-type="fn"}    −0.46   0.85[\*](#table-4fn1){ref-type="fn"}     0.98[\*\*](#table-4fn2){ref-type="fn"}   0.98[\*\*](#table-4fn2){ref-type="fn"}   0.88[\*\*](#table-4fn2){ref-type="fn"}   1.00                                     
  Apparent K recovery efficiency (AKRE)   0.85[\*](#table-4fn1){ref-type="fn"}     0.97[\*\*](#table-4fn2){ref-type="fn"}    −0.63                                    0.72                                     0.93[\*\*](#table-4fn2){ref-type="fn"}   0.75                                     0.95[\*\*](#table-4fn2){ref-type="fn"}   0.82[\*](#table-4fn1){ref-type="fn"}     0.97[\*\*](#table-4fn2){ref-type="fn"}    −0.88[\*\*](#table-4fn2){ref-type="fn"}   −0.82[\*](#table-4fn1){ref-type="fn"}    −0.54   0.85[\*](#table-4fn1){ref-type="fn"}     0.96[\*\*](#table-4fn2){ref-type="fn"}   0.98[\*\*](#table-4fn2){ref-type="fn"}   0.93[\*\*](#table-4fn2){ref-type="fn"}   0.98[\*\*](#table-4fn2){ref-type="fn"}   1.00

**Notes:**

*p* \< 0.05.

*p* \< 0.01.

N, P and K uptake
-----------------

[Figure 2](#fig-2){ref-type="fig"} shows the nutrient uptake for different N management strategies. The fertilized treatments significantly increased the nutrient uptake compared with the control. The total N uptake (TN) was markedly higher for SRCF+U and CF+SCU treatments compared to N~100~, N~75~+OICF~25~, N~50~+OICF~50~ and OICF~100~ treatments. There was no difference in TN for the N~75~+OICF~25~ compared to the N~100~ treatment, whereas the TN was significantly lower for the N~50~+OICF~50~ and OICF~100~ treatments compared to the N~100~ treatment. The highest grain N uptake (GN) was observed for the N~75~+OICF~25~, followed by N~50~+OICF~50~ and SRCF+U. The GN for the OICF~100~ treatment was significantly lower than for N~75~+OICF~25~ and N~50~+OICF~50~. No significant difference was observed between N~100~ and OICF~100~ or between SRCF+U and CF+SCU. The highest N harvest index (NHI) was obtained for the OICF~100~ treatment, followed by N~50~+OICF~50~, N~75~+OICF~25~, N~100~. The lowest value was obtained for SRCF+U ([Fig. 2](#fig-2){ref-type="fig"}).

![The total nutrient uptake (A), grain nutrient uptake (B) and nutrient harvest index (C) of rice under the different nitrogen fertilizer management strategies.\
N~100~, 100% conventional nitrogen (N) fertilizer (conventional compound fertilizer and urea); N~75~+OICF~25~, 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer; N~50~+OICF~50~, 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer; OICF~100~, 100% organic--inorganic compound fertilizer; SRCF+U, slow-release compound fertilizer with urea; CF+SCU, compound fertilizer with sulfur-coated urea. Vertical bars indicate the standard deviation of mean (*n* = 3). Means within the same column followed by different letters are significantly different at the 0.05 level.](peerj-08-9596-g002){#fig-2}

The total P uptake (TP) was the highest for SRCF+U and was dramatically higher for the other treatments. No significant difference in the TP was observed for N~100~, N~75~+OICF~25~ and CF+SCU. A significantly lower TP was measured for the N~50~+OICF~50~ and OICF~100~ compared with N~100~. There was insignificant difference in the grain P uptake (GP) between the fertilized treatments. The highest P harvest index (PHI) was observed for OICF~100~, followed by N~50~+OICF~50~ and the control. The lowest PHI was obtained for SRCF+U ([Fig. 2](#fig-2){ref-type="fig"}).

Similar to the TP, the highest total K uptake (TK) was obtained for SRCF+U, followed by CF+SCU. The lowest was observed for the control. We did not observe any significant difference in the TK between N~100~ and N~75~+OICF~25~. But the TK values for the N~50~+OICF~50~ and OICF~100~ were significantly lower than for N~100~. The highest grain K uptake (GK) was observed for the SRCF+U, followed by N~75~+OICF~25~, CF+SCU, N~100~, N~50~+OICF~50~ and OICF~100~. The minimum value was obtained for the control. The highest K harvest index (KHI) was obtained for OICF~100~, followed by N~50~+OICF~50~ and N~75~+OICF~25~, whereas the lowest value was detected for SRCF+U. There was no difference among the N~100~, SRCF+U and CF+SCU treatments ([Fig. 2](#fig-2){ref-type="fig"}).

In general, the effect of the Y on TN, GP, TP, GK and KHI was not significant, but GN, TK, NHI and PHI strongly depended on it (*p* \< 0.05). As expected, the effect of the NMS on TN, TP, TK, GN, GP, GK, NHI, PHI and KHI was significant at the 0.05 level. Moreover, the interaction effects of Y and NMS on GN, GP, TP, GK and PHI were not significant, whereas they were significant for TN, TK, NHI and KHI (*p* \< 0.01) ([Table 3](#table-3){ref-type="table"}).

A simple correlation analysis showed that the GN, the GP and the GK were significantly positively correlated with the TN, the TP and the TK, respectively. In contrast, the GN, the GP and the GK were negatively correlated with the NHI, the PHI and the KHI but not significantly. Significantly positive correlations were observed among GN, GP and GK or among NHI, PHI and KHI ([Table 4](#table-4){ref-type="table"}).

Nutrient utilization efficiency
-------------------------------

[Figure 3](#fig-3){ref-type="fig"} shows the fertilizer agronomic efficiency and the apparent fertilizer recovery efficiency under the different N management strategies. The highest N, P and K agronomic efficiency (NAE, PAE and KAE) and the highest apparent N, P and K recovery efficiency (ANRE, APRE and AKRE) were observed for SRCF+U, followed by CF+SCU, whereas the lowest values were obtained for OICF~100~. There was no significant difference in the NAE and ANRE between SRCF+U and CF+SCU. However, the PAE, the KAE, the APRE, and the AKRE under SRCF+U were significantly higher than those for CF+SCU. This indicated that the application of SRCF significantly increased P and K use efficiency compared with SCU. Compared with N~100~, there was insignificant difference in the NAE, the PAE and the KAE for N~75~+OICF~25~ and N~50~+OICF~50~. On the contrary, the NAE, the PAE and the KAE for OICF~100~ were significantly lower than for the other fertilization treatments. The ANRE and AKRE between N~100~ and N~75~+OICF~25~ were not significant, whereas the ANRE and AKRE for N~50~+OICF~50~ and OICF~100~ were markedly lower than for the N~100~ treatment. Compared with N~100~, N~75~+OICF~25~ and N~50~+OICF~50~ had no significant effect on the APRE. However, OICF~100~ significantly decreased APRE compared with the N~100~ treatment ([Fig. 3](#fig-3){ref-type="fig"}).

![The agronomic efficiency (A) and apparent recovery efficiency (B) of fertilizer under the different nitrogen fertilizer management strategies.\
N~100~, 100% conventional nitrogen (N) fertilizer (conventional compound fertilizer and urea); N~75~+OICF~25~, 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer; N~50~+OICF~50~, 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer; OICF~100~, 100% organic--inorganic compound fertilizer; SRCF+U, slow-release compound fertilizer with urea; CF+SCU, compound fertilizer with sulfur-coated urea. Vertical bars indicate the standard deviation of mean (*n* = 3). Means within the same column followed by different letters are significantly different at the 0.05 level.](peerj-08-9596-g003){#fig-3}

Generally, the effects of the Y and Y × NMS on the NAE, the PAE and the KAE were not significant, but the effects of the NMS on the NAE, the PAE and the KAE were significant (*p* \< 0.01). Moreover, except for the effects of Y × NMS on ANRE, the effects of the Y, NMS and Y × NMS on the ANRE, APRE and AKRE were significant (*p* \< 0.01) ([Table 3](#table-3){ref-type="table"}).

Economic benefits
-----------------

The cost of cultivation, the net return (NR) and the benefit to cost (B:C) ratio were the highest for SRCF+U, whereas they were the lowest for the control. The cost and the B:C ratio for the SRCF+U treatment were slightly higher than for the CF+SCU treatment, whereas the NR for SRCF+U was 9.3% higher than for CF+SCU. The cost for CF+SCU was higher than for N~100~ and N~75~+OICF~25.~ However, there was no significant difference in NR and B:C ratio for CF+SCU than for the N~100~. Compared with N~100~, a significantly lower NR was detected for N~50~+OICF~50~ and OICF~100~ with corresponding reductions of 10.8 and 28.9%, respectively. Similarly, the B:C ratio for N~50~+OICF~50~ and OICF~100~ significantly decreased by 12.0 and 29.4%, respectively, compared with the N~100~ treatment ([Table 5](#table-5){ref-type="table"}).
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###### Economic analysis under the different nitrogen fertilizer management strategies.

![](peerj-08-9596-g009)

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Treatment        Seedling raising\   Chemicals\      Fertilizer\     Machine\        Irrigation\     Labor\          Drying\         Cost of cultivation\   [^‡^](#table-5fn1){ref-type="fn"}Net return\   [^‡^](#table-5fn1){ref-type="fn"}Benefit to\
                   (yuan ha^−1^)       (yuan ha^−1^)   (yuan ha^−1^)   (yuan ha^−1^)   (yuan ha^−1^)   (yuan ha^−1^)   (yuan ha^−1^)   (Yuan ha^−1^)          (Yuan ha^−1^)                                  cost ratio
  ---------------- ------------------- --------------- --------------- --------------- --------------- --------------- --------------- ---------------------- ---------------------------------------------- ----------------------------------------------
  Control          1,432.5             975             0               3,300           450             4,500           1,500           1,2157.5               2,537.02 e                                     0.21 c

  N~100~           1,432.5             975             2,370           3,300           450             6,000           2,025           1,6552.5               5,059.04 b                                     0.31 a

  N~75~+OICF~25~   1,432.5             975             2,496.8         3,300           450             6,000           2,010           1,6664.3               4,966.82 b                                     0.30 ab

  N~50~+OICF~50~   1,432.5             975             2,623.2         3,300           450             6,000           1,995           1,6775.7               4,332.05 c                                     0.26 b

  OICF~100~        1,432.5             975             3,519.6         3,300           450             4,950           2,055           1,6682.1               3,233.76 d                                     0.19 c

  SRCF+U           1,432.5             975             2,958           3,300           450             6,000           2,295           1,7410.5               5,845.03 a                                     0.34 a

  CF+SCU           1,432.5             975             3,726           3,300           450             5,250           2,085           1,7218.5               5,213.97 b                                     0.30 ab
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Indicates that the value in the column is the average of 2-year experimental data.

N~100~, 100% conventional nitrogen (N) fertilizer (conventional compound fertilizer and urea); N~75~+OICF~25~, 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer; N~50~+OICF~50~, 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer; OICF~100~, 100% organic--inorganic compound fertilizer; SRCF+U, slow-release compound fertilizer with urea; CF+SCU, compound fertilizer with sulfur-coated urea.

Comprehensive assessment of the different N fertilizer management strategies
----------------------------------------------------------------------------

The principal component analysis was used to estimate the responses of the yield formation, the nutrient uptake and utilization efficiency, and the economic benefits to the different N fertilizer management strategies. The two principal components accounted for 97.4% of the total variance. The first principal component, PC1, explained 80.4% of the total variance, and it was positively correlated with the GY, the TB, the fertilizer uptake related parameters, the fertilizer use efficiency related parameters, and the economic parameters. The second principal component, PC2, accounted for 17.0% of the total variance, and it was positively correlated with the HI, the NHI, the PHI and the KHI. The comprehensive analysis of the rice yield, the nutrient uptake and utilization, and the economic benefits showed that the optimal N fertilizer management was SRCF+U, followed by the CF+SCU treatment ([Table 6](#table-6){ref-type="table"}). The PC1 for SRCF+U and CF+SCU were higher compared with the N~100~, which indicated that the more pronounced effects of SRCF+U and CF+SCU on the GY, nutrient uptake and utilization compared with N~100~. There was insignificant difference between N~100~ and N~75~+OICF~25~. The score of the PC1 and the comprehensive score for N~50~+OICF~50~ and OICF~100~ were lower than for N~100~. However, the score of the PC2 for N~50~+OICF~50~ and OICF~100~ was higher than for N~100~. This indicated that N~50~+OICF~50~ and OICF~100~ negatively affected the grain yield, the nutrient accumulation, and the economic benefits, but were beneficial for the biomass and nutrient translocation to grains ([Fig. 4](#fig-4){ref-type="fig"}).
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###### Principal components analysis under different nitrogen fertilizer management strategies.
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  Statistical parameters        *PC*1           *PC*2
  ----------------------------- --------------- --------
  Eigen value                   16.9            3.6
  \% of Variance                80.4            17.0
  Cumulative variance (%)       80.4            97.4
  Factor loading                Eigen vectors   
  Grain yield                   0.230           0.169
  Total biomass                 0.241           −0.037
  Harvest index                 −0.120          0.453
  Grain nitrogen (N) uptake     0.205           0.276
  Total N uptake                0.240           0.041
  Grain phosphorus (P) uptake   0.212           0.252
  Total P uptake                0.242           0.051
  Grain potassium (K) uptake    0.223           0.191
  Total K uptake                0.240           −0.067
  N harvest index               −0.211          0.230
  P harvest index               −0.173          0.360
  K harvest index               −0.099          0.476
  N agronomic efficiency        0.230           0.169
  P agronomic efficiency        0.236           0.030
  K agronomic efficiency        0.238           −0.004
  N recovery efficiency         0.240           0.041
  P recovery efficiency         0.230           −0.060
  K recovery efficiency         0.237           −0.093
  Cost of cultivation           0.202           0.290
  Net return                    0.242           −0.036
  Benefit to cost ratio         0.219           −0.209

![Different principal components score under the different nitrogen fertilizer management strategies.\
N~100~, 100% conventional nitrogen (N) fertilizer (conventional compound fertilizer and urea); N~75~+OICF~25~, 75% conventional N fertilizer with 25% organic--inorganic compound fertilizer; N~50~+OICF~50~, 50% conventional N fertilizer with 50% organic--inorganic compound fertilizer; OICF~100~, 100% organic--inorganic compound fertilizer; SRCF+U, slow-release compound fertilizer with urea; CF+SCU, compound fertilizer with sulfur-coated urea. Black line, orange line and blue line indicate first principal component score, second principal component score and comprehensive score, respectively.](peerj-08-9596-g004){#fig-4}

Discussion
==========

Response of the grain yield to the different N management strategies
--------------------------------------------------------------------

Many studies suggested that the combined application of the inorganic fertilizer and the organic fertilizer resulted in a higher crop yield than when each treatment was used alone ([@ref-21]; [@ref-42]; [@ref-43]; [@ref-25]). Based on a meta-analysis of 32 long-term experiments in China, [@ref-35] found that the crop yield for the integrated application of inorganic and organic fertilizers was respectively 8% and 29% higher than when the inorganic fertilizer or the organic fertilizer was used alone. In our study, the use of a conventional N fertilizer with an OICF in a 75:25 ratio (N~75~+OICF~25~) or a 50:50 ratio (N~50~+OICF~50~) produced a comparable grain yield than when only the chemical N fertilizer was used. Our results were in accordance with those of [@ref-17], [@ref-9] and [@ref-14]. This was mainly because of the supply of N required during the early growth stage provided by the chemical N fertilizer whereas the organic fertilizer promoted crop growth by supplying N during the later growth stage ([@ref-2]). More importantly, the combined application of a chemical N fertilizer with an OICF enhanced the soil nutrient availability, altered the soil microbial community structure, and improved the enzymatic activity and the physical condition of the soil, which promoted root growth and nutrient absorption ([@ref-15]; [@ref-43]; [@ref-16]). However, a significant reduction in the grain yield was detected when the OICF was used alone compared with the single chemical N fertilizer. The nutrient release rate of the organic fertilizer is slow, which means that using excessive organic fertilizer does not meet the nutritious requirements of the rice plant in its early stage ([@ref-46]; [@ref-14]; [@ref-29]). In addition, the excessive N supply from the organic fertilizer in the late stage leads to an extended growth and a delayed maturity, which goes against the increase of the rice yield ([@ref-36]). This is the principal reason for the lower grain yield of OICF~100~ compared with the N~100~ treatment in the short term. However, the long-term organic fertilization significantly improved the soil fertility and produced a comparably or a higher rice yield than when the chemical fertilizer was used alone ([@ref-36]; [@ref-35]).

The higher yield indicated the superiority of the treatments using the slow-release fertilizer (SRCF+U and CF+SCU). They produced a higher yield (3.0--8.7%) than when using 100% conventional N fertilizer. This is attributed to higher total biomass at maturity obtained with a slow-release fertilizer than a conventional N fertilizer. A previous study showed that slow-release N fertilizer enhanced the rice yield in comparison with conventional N fertilizer using an alternate wetting and drying irrigation or flooding irrigation ([@ref-24]). This is explained by the enhanced N availability in the soil when using the slow-release N fertilizer treatments. This increased the crop N absorption and the accumulation of dry matter in the rice ([@ref-24]). However, a lower grain yield of rice was observed when using the slow-release N fertilizer rather than urea in previous researches ([@ref-37]; [@ref-34]). The nutrient release of the slow-release N fertilizer is significantly impacted by many environmental factors, including the temperature, the soil moisture, and the microbial activity in the soil ([@ref-41]). [@ref-34] suggested that the high temperature and humidity conditions during the rice growing seasons in South China prevented the stable release of nutrients form sulfur-coated urea, which reduced the rice grain yield. In addition, nitrification was inhibited by the flooding conditions and the conversion rate of ammonium N to nitrate N decreased, which decreased the nutrient release rate of the slow-release N fertilizer ([@ref-37]). Consequently, more experiments on the effects of slow-release N fertilizers on the rice grain yield are required for a wider variety of environmental conditions. In this study, the total biomass significantly increased with the SRCF+U treatment (13.2--13.6%), whereas the harvest index slightly decreased (4.3--5.9%) compared to the N~100~ treatment. The slow-release N fertilizer enhanced the soil N availability, and more N was absorbed by rice plants, resulting in higher total biomass compared with a conventional N fertilizer ([@ref-24]). Although the grain yield for the SRCF+U treatment increased significantly (6.6--8.7%), the grain yield increased relatively less than in the total biomass, resulting in a decrease of the harvest index. Similar results were found for rice in an N rich environment ([@ref-5]).

Interestingly, the SRCF+U treatment had a higher grain yield than the CF+SCU treatment, which is attributed to a different regime of the N use during the early growth stage. During the early growth stage, the slow-release compound fertilizer was used as basal fertilizer, and urea was used as tillering fertilizer for the SRCF+U treatment. However, the sulfur-coated urea and compound fertilizer were only used as basal fertilizer in the CF+SCU treatment. [@ref-34] showed that the use of slow-release N fertilizer as the basal fertilizer and conventional N fertilizer as the tiller fertilizer increased the accumulation of dry matter, the N absorption, and the rice yield compared with using both the slow-release N fertilizer and the conventional N fertilizer as basal fertilizers.

N, P and K absorption and utilization efficiency for the different N management strategies
------------------------------------------------------------------------------------------

The integrated application of inorganic and organic fertilizers increased the nutrient availability, the microbial and enzymatic activities, the organic matter in the soil, and its physical properties ([@ref-35]; [@ref-43]). This improves the biomass production and the nutrient absorption and utilization efficiency ([@ref-36]; [@ref-1]). Compared with N~100~, N~75~+OICF~25~ produced a comparable or a higher N, P and K absorption and utilization efficiency in our study. Similar benefits of combining the chemical N fertilizer with the organic fertilizer have been reported previously ([@ref-21]; [@ref-14]; [@ref-39]). However, OICF~100~ significantly decreased the nutrient use efficiency mainly because of the lower dry matter accumulation and nutrient uptake with a single organic--inorganic fertilizer treatment compared with the 100% conventional N fertilizer treatment. Previous studies reported that adding a large amount of organic fertilizer decreased the N absorption and the panicle number in the early stage of the rice plant, causing a lower N use efficiency and a lower rice yield in the short-term ([@ref-46]; [@ref-14]). However, the long-term application of organic fertilizer significantly enhanced the N uptake and utilization efficiency of rice compared with using a chemical N fertilizer alone ([@ref-36]).

In this study, SRCF+U and CF+SCU significantly increased the total nutrient uptake of rice plants compared with the other fertilized treatments. The increased nutrient uptake with slow-release fertilizers are attributed to the larger total biomass because of the significant correlation between the nutrient absorption and the total biomass. In addition, SRCF+U and CF+SCU significantly increased the nutrient utilization efficiency compared with the 100% conventional chemical N fertilizer treatment. A previous study reported that slow-release fertilizers reduced the fertilizer N losses ([@ref-38]), which therefore enhanced the nutrient utilization efficiency compared with the conventional N fertilizers ([@ref-47]; [@ref-40]; [@ref-33], [@ref-32]). Furthermore, the nutrient uptake and utilization efficiency for SRCF+U were higher than for CF+SCU. This indicated that the slow-release compound fertilizer treatment performed better in terms of fertilizer absorption and utilization than the sulfur-coated slow urea treatment. This was mainly attributed to the higher total biomass and nutrient absorption for the SRCF+U treatment compared to the CF+SCU treatment.

The nutrient harvest index for the slow-release fertilizer was lower than for the other fertilized treatments. This indicated that the nutrient is absorbed by the rice plants, but are not efficiently used to improve the grain nutrients. [@ref-24] found that slow-release fertilizers promoted the N uptake in the plant, but decreased the N harvest index of rice. In addition, our results were consistent with a previous study by [@ref-46], who concluded that the nutrient harvest index increased with the increased substitution ratio of organic fertilizer.

Economic benefits of the different N management strategies
----------------------------------------------------------

The cost of cultivation for the slow-release fertilizer treatments was higher than for the 100% conventional N fertilizer treatment. This was mainly because the slow-release fertilizer is more expensive than the conventional fertilizer. The net return (NR) of the slow-release fertilizer treatments was higher than that of the 100% conventional fertilizer treatment. The higher NR was attributed to the higher grain yield obtained for these treatments. A higher NR when using slow-release fertilizers has also been reported previously ([@ref-6]). Additionally, another previous study suggested that the NR and the benefit to cost (B:C) ratio for the combined use of organic fertilizer with chemical fertilizer in 50:50 ratio was almost similar to 100% chemical fertilizer ([@ref-8]). In our study, a 25% or 50% substitution of the conventional N fertilizer by an OICF resulted in a comparably NR and B:C ratio than with the 100% conventional N fertilizer treatment. The NR and the B:C ratio increased more significantly for the long-term application of the organic and inorganic fertilizers compared with using the inorganic fertilizer alone ([@ref-25]). However, the NR and the B:C ratio for a 100% substitution of the conventional N fertilizer by an OICF were very lower than for the 100% conventional fertilizer treatment, which is caused by the lower grain yield for this treatment ([@ref-35]). Therefore, the use of an organic fertilizer alone is not profitable for farmers in the short term. However, the long-term single application of the organic fertilizer significantly improved soil fertility which helped to stabilize the productivity and the profitability of the rice plants compared with using a chemical fertilizer alone ([@ref-36]; [@ref-35]).

Comprehensive assessment of the different N management strategies
-----------------------------------------------------------------

Plotting the different N fertilizer management strategies according to their component scores clearly summarizes the experiments. The first principal component was positively correlated with the grain yield, the total biomass, and the nutrient absorption and utilization efficiency. It separated the plants exposed to the SRCF+U, the CF+SCU, the N~100~ and the N~75~+OICF~25~ treatments from those subjected to the control, the N~50~+OICF~50~ and the OICF~100~ treatments. This indicated that using slow-release fertilizers and a 25% substitution of the chemical N fertilizer by an OICF improved the yield formation and the nutrient uptake and had a higher economic benefit. The second principal component distinguished N~50~+OICF~50~ and OICF~100~ from the other fertilized treatments according to the parameters related to the harvest index and nutrient harvest index. The comprehensive score indeed shows that slow-release fertilizer treatments performed better than the other treatments. In addition, the slow-release compound fertilizer treatment performed better than the sulfur-coated urea treatment. The combined application of the chemical N fertilizer and the OICF in a 75:25 ratio stabilized the yield production, and reduced chemical N added. This was confirmed to be an effective N management strategy for sustainable agricultural production ([@ref-1]; [@ref-35]; [@ref-29]).

Conclusion
==========

This study comprehensively evaluated the performances of the different N fertilizer managements on the grain yield, the nutrient absorption and utilization efficiency, and the economic benefits of rice. In this study, slow-release fertilizers enhanced grain yield and nutrient uptake and utilization efficiency and had a higher economic benefit. The slow-release compound fertilizer performed better than the sulfur-coated urea. The combined use of a conventional N fertilizer and an OICF in a 75:25 ratio produced almost similar productivity, nutrient uptake and utilization efficiency as the 100% conventional N fertilizer treatment. This demonstrated that this N management strategy stabilized the yield production and reduced the amount of chemical N used. Our results provide useful information to farmers by outlining their options for the management of N fertilizer in the rice production system.
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